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Introduction
In an effort to reduce the raw material cost and the weight of automobiles, demand for tailor-welded blanks (TWB) made of light-weight and/or high-strength sheet metals has steadily increased in the automotive industry recently. A tailor-welded blank consists of two or more sheets that are welded together in a single plane prior to forming. Sheets joined by welding may have identical or different thicknesses, mechanical properties or surface coatings. Many automotive companies form body panels in a single stamping operation, utilizing tailor-welded blanks, to save materials and reduce weight. However, there are several difficulties in developing TWB particularly for aluminum alloy sheets because of their less familiar weldability requirements associated with conventional welding methods such as laser welding (Stasik and Wagoner, 1996) . Therefore, efforts are being put forth to apply the friction stir welding (FSW) technology for the development of TWB in recent years, which was initiated primarily for aluminum alloys in 1991 by The Welding Institute (TWI), in Cambridge, U.K. (Thomas et al., 1991) . As a solid-state welding, FSW has various advantages over conventional fusion welding techniques such as its low capital investment, extremely low energy use and its capability to weld very thick plates with little or no porosity. In the FSW, the work pieces are butted together and firmly clamped and then joining is achieved by heat and material flow generated by the FSW tool, which rotates as it moves along the butt line (London et al., 2003) . The axis of the pin forms the work angle ðaÞ and the travel angle ðhÞ with the normal direction of the blank as schematically shown in Fig. 1 . The tool shoulder helps to stir the weld region while containing the stirred material for a smooth surface finish.
Many studies have been performed on FSW based on experiments and simulations (Jata et al., 2001; Jata et al., 2003) . However, 0020-7683/$ -see front matter Ó 2010 Elsevier Ltd. All rights reserved. doi:10.1016/j.ijsolstr. 2009.12.022 they are mainly to understand the process itself, especially the effect of process parameters (tool geometry, tool materials, rotation speed, moving speed, tool angle, base materials and their arrangement in the advancing or retreating sides, base material thickness) on the quality of welding (temperature distribution, material flow or deformation, microstructure (Uzun et al., 2005) , mechanical properties in the welded area, hardness, residual stress (Preston et al., 2004) , defects, texture, precipitate evolution (Kamp et al., 2006) ), while studies on the macroscopic behavior of friction stir welded TWB automotive sheets are rare. Therefore, a systematic study of the macro-performance of friction stir welded automotive sheets became the main scope of this work. In particular, extensive mechanical tests were performed and they were used to calibrate constitutive laws in this paper, which describe the macroscopic properties of friction stir welded sheets: hardening behaviors, anisotropic yield surfaces and forming limits. Then, the constitutive laws were utilized to numerically validate their performance in conjunction with the formability of friction stir welded TWB samples in the separate joint paper (Kim et al., 2010) . Note that friction stir welded samples were fabricated in Hitachi Ltd. and their micro-structural studies were reported in separate papers (Park et al., 2007; Gan et al., 2008; Chen et al., submitted for publication) .
As for the constitutive law, the combined isotropic-kinematic hardening law based on the modified Chaboche model as well as the (full) isotropic hardening law were selectively utilized along with the non-quadratic orthotropic anisotropic yield function, Yld2000-2d (Barlat et al., 2003) . The constitutive law was implemented into both ABAQUS implicit/ explicit codes (Hibbitt et al., 2002) using user-subroutines for numerical applications in the joint paper. Note that no new constitutive laws were proposed in this work; however, modification needed to formulate permanent softening (often observed during reverse loading) was newly discussed in this work. Also, the relevance of the particular formulation of the combined isotropickinematic hardening law was newly addressed, particularly in conjunction with the generalized plastic work equivalence principle, since this discussion was not complete when the combined law was proposed by .
In this work, four automotive sheets, aluminum alloy 6111-T4, 5083-H18 and 5083-O sheets and dual-phase steel DP590, each having one or two different thicknesses, were considered. Base sheets with the same and different thicknesses were friction-stir welded for tailor-welded blank samples. In order to characterize the mechanical properties of base materials, uni-axial tension, hydraulic bulge and disk compression tests were performed for anisotropic yield properties. Hardening behavior was measured using uni-axial tests, while, for the Bauschinger, transient and permanent softening behavior during reverse loading, uni-axial tension/compression tests were performed. The hardening properties of weld zones were calculated using the rule of mixture and also directly measured using sub-sized specimens selectively, while their anisotropy was ignored for simplicity. Forming limit diagrams were measured using hemispherical dome stretching tests for base sheets and those of weld zones were calculated based on Hill's bifurcation theory (Hill, 1952) and the M-K theory (Marciniak and Kuczynski, 1967) .
Constitutive law
2.1. Combined isotropic-kinematic hardening law considering permanent softening during reverse loading
In order to represent the Bauschinger and transient behavior during reverse loading, the combined type isotropic-kinematic hardening constitutive law based on the modified Chaboche model Chaboche, 1986 ) is given by
where r is the Cauchy stress, a is the back-stress for the kinematic hardening and the effective stress (related to the isotropic hardening), r iso , is the size of the yield surface as a function of the accumulative effective strain, e
Note that f is the mth-order homogeneous function. The exponent m is mainly associated with the crystal structure. As the m value increases, the rounded vertices of the yield surface become sharper with the decrease of radii of curvature.
In the Chaboche model, the back-stress increment is composed of two terms, da ¼ da 1 À da 2 to differentiate transient hardening behavior during loading and reverse loading. Now, the evolution of the back-stress for the modified Chaboche model becomes 
r iso a also can be considered for da 2 as similarly done for da 1 . However, because it gives a non-smooth transient behavior during reverse loading as the sign of back-stress a changes, a is not normalized in Eq. (3) . Also, note that
(2) as an effective quantity, while a 2 ¼ a 2 ð eÞ in Eq. (3) as a regular scalar quantity. To complete the constitutive law, hardening behavior describing back-stress movements and the change of the yield surface size should be provided for d a 1 ; da 2 and d r iso , respectively, which are obtained from simple tension/compression tests as previously discussed by Lee et al. (2005) . With its proportional (plastic) deformation, the simple tension in the rolling direction (x-direction) of a sheet is considered as a reference stress state here.
For isotropic materials such as von Mises materials, the monotonous proportional hardening behavior is the same for the full isotropic hardening (without any kinematic hardening) and for the isotropic-kinematic hardening: the generalized plastic work equivalence principle . However, for anisotropic materials, this principle is valid only when kinematic hardening is properly formulated and kinematic hardening defined specifically 
The second expression in Eq. (4) (2) and (3), the monotonous proportional hardening behavior is the same for the full isotropic hardening and for the isotropic-kinematic hardening, satisfying the generalized plastic work equivalence principle að eÞ ¼ a 3 =a 4 . Note that for monotonous (proportional) loading, e 0 = 0, while e 0 is a positive number for (proportional) reverse loading case. Therefore, loading and reverse loading (and even reloading after reverse loading) curves commonly converge to r iso ð1Þ þ a 3 =a 4 , when Eqs. (2) and (3) are utilized, so that the current combined isotropic-kinematic hardening law does not properly account for permanent softening, which is often observed during reverse loading. Fig. 2 shows schematic stress-strain curves commonly observed during proportional loading-reverse loading tests. Here, the hardening curve for monotonous loading ABC is compared with that of the reverse loading BDEF/BDGH. For easy comparison, curves DEF/DGH are re-plotted with curves D'E'F'/D'G'H' by rotating curves into the positive stress range. As schematically shown in Fig. 2 , the reversal loading curve experiences the Bauschinger (early compressive yielding) and transient behavior and then either saturates to the monotonic loading curve without permanent offset (softening) as the curve DEF does or leaves permanent offset (softening) as the curve DGH does. For the monotonous loading ABC, the back-stress behavior is obtained from Eq. (5) with e 0 ¼ 0, while the back-stress behavior associated with the curve DEF is obtained from Eq. (5) with a positive e 0 (since the backstress vanishes at e 0 when the transient behavior ends at e 0 Þ. Therefore, the curve DEF without permanent softening is obtained for the modified Chaboche model with Eqs. (2) and (3).
Since loading and reverse loading curves of the modified Chaboche isotropic-kinematic hardening model commonly converge to r iso ð1Þ þ a 3 =a 4 , permanent softening can be formulated by modifying r iso ð1Þ and a 3 =a 4 to account for contribution in isotropic hardening and contribution in kinematic hardening, respectively. Note that the proper separation of these two contributions requires tension-compression-tension tests with various compressive pre-strains (there were efforts by Wilson and Bate (1986) and Prangnell et al. (1996) to identify permanent softening using X-ray diffraction and in-situ neutron diffraction on carbon steels, respectively; however, these methods would be not effective to separate two contributions). Since only tension-compression tests were performed in this work, only the contribution in kinematic hardening was considered for permanent softening here by introducing a softening parameter, n, to the hardening parameter, h 1 , for reverse loading; i.e.,
where e Ã is the accumulative effective strain measured during the nth (current) reverse loading and 0:0 < nð e Ã Þ 6 1:0, while nð e Ã ¼ 0:0Þ ¼ 1:0. Here, the constant n m is introduced for the case that the permanent softening does not occur after any specific number of reverse loading n m . With n ¼ 1:0 in Eq. (7) for all reverse loading, reverse loading curves without permanent softening are recovered.
Permanent softening was attributed to the complex dislocation microstructure evolution. As explained by Peeters et al. (2001) , during reverse loading, first the dislocation annihilation (cancellation of opposite sign dislocation) takes place rapidly creating early re-yielding and sharp hardening rate (transient behavior). Following this, the dislocation cell structure, which is developed during previous (moderate to high) deformation, is broken and the distribution of dislocation becomes more homogeneous causing permanent softening. Permanent softening is usually observed when pre-strains are large enough since the creation of dislocation cell might take place only when there is moderate to high amount of deformation. It should be noted that Rauch et al. (2007) attributed the reason for such behavior to simply a complex evolution of dislocation density rather than breakage and creation of dislocation cells.
Yield stress function, Yld2000-2d
In order to describe the initial anisotropic yield stress surface, the orthotropic yield stress function for the plane stress condition, Yld2000-2d (Barlat et al., 2003) , was considered here, which is defined by two linear transformations; i.e., 
Here, C 0 and C 00 (therefore, L 0 and L 00 Þ contain eight independent anisotropic coefficients and T transforms the Cauchy stress tensor r to its deviator s; i.e., 
The eight mechanical measurements to accommodate the eight anisotropic coefficients are typically r 0 ; r 45 ; r 90 ; R 0 ; R 45 ; R 90 ; r b and R b , which are simple tension yield stresses along the rolling (x-) direction, 45°off and transverse (y-) directions, R-values (width-to-thickness strain ratio in simple tension), yield stress and in-plane principal strain ratio under the balanced biaxial tension condition, respectively. When all eight coefficients are equal, the yield function becomes isotropic, which further reduces to the Mises yield function with m = 2. As for the exponent m, a constant 6 or 8 is recommended for BCC and FCC materials, respectively, based on crystal plasticity (Hosford, 1972; Logan and Hosford, 1980) . The convexity of the yield surface defined by Eq. (8) has been well proven (Barlat et al., 2003) .
Forming limit diagram
Forming limit diagrams were measured experimentally for base materials utilizing the hemispherical dome stretching test. However, those of the weld zones were calculated utilizing Hill's bifurcation theory (Hill, 1952) and the M-K theory (Marciniak and Kuczynski, 1967) , based on isotropic hardening rigid-plasticity with the isotropic yield function condition; i.e., applying 1.0 for all eight coefficients for Yld2000-2d. The forming limit criterion based on Hill's bifurcation theory was applied to the strain field whose minor strain is non-positive and the M-K theory was applied to the strain field whose minor strain is positive. For the M-K theory, the defect size was obtained such that the M-K theory would provide the same value as Hill's theory under the plane strain condition (with the minor strain is zero).
Materials and welding
In order to evaluate the macro-performance of friction-stir welded sheets, four automotive sheets were considered in this work each having one or two different thicknesses: aluminum alloy 6111-T4, 5083-H18, 5083-O and dual-phase steel DP590 sheets. All aluminum alloy sheets were supplied by ALCOA, while the DP590 sheet was provided by US Steel, respectively. The chemical compositions of the sheets are shown in Table 1 .
Four automotive sheets were friction-stir welded along the rolling direction at Hitachi, Japan. In this work, the same materials with the same thickness (similar gauges, SG) and different thickness (dissimilar gauges, DG) were welded together, not considering the joining of dissimilar materials. Note that the thinner part of all (DG) materials was in the retreating side. Thicknesses of the base materials and the combination of thicknesses for the welded specimens are listed in Table 2 . All welding experiments were carried out using a CNC-controlled 3D-FSW machine (model: Hitachi GR-3DM10T) with an 11 kW spindle servo-motor. The overall geometry of this process is shown schematically in Fig. 1 . The FSW tool was made of matrix high speed tool steel, with shoulder diameter and pin diameter of 10.0 mm and 4.0 mm, respectively. The pin was threaded to enable increased stirring action. The pin length was slightly less than the average thickness of the welded base sheets as summarized in Table 3 together with work angles and travel angles. The work pieces were butted together and firmly clamped as schematically shown in Fig. 1 and then the rotating tool pin was slowly pushed into the seam axially until the tool shoulder came into contact with the surface of the material, which generated heat to locally soften the material around the pin. The penetration depth of the tool shoulder's tip into the plates was about 0.2 mm, and the axial position of the pin tool was held constant while it translated along the seam at a constant speed. FSW was carried out for the range of process parameters summarized in Table 3. The most favorable rotation speeds and translation rate are identified in bold. In this article, ''most favorable" means the best of the tested weld conditions, in terms of smooth surface finish, minimum internal defect and no crack formation in a hand-bending test. The selected welding condition may not be a true optimum, but it is a practical choice balancing material properties, speed of production and machine capability (Park et al., 2007; Gan et al., 2008) .
Mechanical properties of base materials and weld zones

Elastic properties and hardening behaviors
The (assumed) isotropic elastic properties and hardening behaviors of the base sheets were obtained by uni-axial tensile testing following the standard procedure KS B 0801 with Instron 8516 series machine at a strain rate of 5:0 Â 10 À4 1=s. The gage sections for the standard specimens measured 50.0 mm long Â 25.0 mm wide. The resulting elastic properties and hardening data measured along the rolling directions are summarized in Tables 4 and 5 , respectively. Note that both Hollomon (Ludwick) and Voce type hardening fittings of weld zones in Table 5 were used for FLD calculations. For the (full) isotropic hardening description to be needed in FEM simulations for formability, only one type fitting curve was utilized, which was identified in bold. Note that all hardening tests were repeated three times and test results were duplicated within 2-3% error. Therefore, one representative curve was reported in this paper without error bars. Also, all material parameters were iteratively determined until the value of R 2 (coefficient of determination) reaches over 0.98 in curve fitting.
The stress-strain curve of the weld zone was obtained using the rule of mixture (Abdullah et al., 2001) . For the purpose of verification, sub-sized tensile tests of the (SG) samples were also performed for (SG) samples at a strain rate of 1:6 Â 10 À3 1=s with the gage sections of 25.4 mm by 6.4 mm, machined out of the weld zones along the rolling direction. Dimensions of the welded mate- rial specimen are shown in Fig. 3 . For (DG) samples, the two-folded specimen was prepared in order to secure the firm grip of the test specimen. In the rule of mixture method, the stress-strain curve of the weld zone was obtained from the overall stress-strain curve of the welded material considering the force equilibrium and the isostrain condition between the base material and the weld zone. The iso-strain condition assumes that the base material and the weld zone experience the same amount of tensile elongation (therefore, tensile strain) along the loading direction during test. The microstructure of the weld zone and therefore its mechanical property would be inhomogeneous, but its average property was obtained by the rule of mixture method. In the rule of mixture, the stress of the weld zone becomes
where A denotes the area. Here, subscripts WZ and BM denote the weld zone and the base material zone, respectively, and number 1 or 2 refers to two base material zones surrounding the weld zone. As shown in Eq. (11), the accurate measurement of the weld zone area A WZ is a pre-requisite to correctly measure the weld zone property using the rule of mixture. However, measuring A WZ is intrinsically a complex procedure involving the measurement of the weld zone geometry as well as microstructures and micro hardness profiles, which are only approximately homogeneous (Abdullah et al., 2001) . In this work, A WZ was determined by mainly considering only the groove region (a tool mark dented on the work piece surface as shown in Fig. 4) at the weld zone. Assuming that the surface shape of the grooved region in the weld zone is a part of a circle, the radius and A WZ were obtained considering three points on the groove, which are summarized in Fig. 4 . Note that, if the transient region such as the heat affected zone (HAZ) between the base material and the weld zone is not so small, the method to determine the weld zone area based on the groove geometry is not proper, resulting in inaccurate evaluation of the average weld zone property, which happened for 5083-H18. In fact, the stress-strain curve of the 5083-H18 weld zone obtained from Eq. (11) showed too much lower strength compared to the strength directly measured using the sub-sized specimen machined out of the weld zone. Note that micro-structural analysis and mechanical property characterization based on the sub-size specimen were also performed as documented separately (Gan et al., 2008) . For 5083-H18, the fictitious heat affected zone (HAZ), which was assumed to have the same material property with the weld zone, was additionally introduced in Eq. (11); i.e.,
where the additional parameter b ¼ A HAZ =A WZ is defined as the ratio between the area of HAZ and that of the (grooved) weld zone. Note that A 0 BM in Eq. (12) is the area of base material adjusted considering the added area, A HAZ . For 5083-H18 (SG), the values of b ¼ 1:1 provided the calculated stress-strain curves similar to the measured one using the sub-sized (SG) specimen. In addition, the value of b for the 5083-H18 (DG) weld zone was determined as 1.0, assuming that the hardening curve is virtually the same as that of the (SG) sample. For 6111-T4, 5083-O and DP590 sheets, no additional Fig. 3 . Dimensions of the welded material specimen for the tensile test (in mm).
HAZ was considered (therefore, b ¼ 0:0). The same observation ðb ¼ 0:0Þ was also found for 6111-T4 by Gan et al. (2008) , in which a Z-test with 95% confidence was carried out on fitting of hardening curves for full-sized and sub-sized 6111-T4 tensile specimens. The result suggested that full-sized tests by the law of mixture exhibited statistically equivalent fitting results to sub-sized tests. Finally, the resulting elastic properties and the hardening data of weld zones obtained from Eqs. (11) and (12) are summarized in Tables  4 and 5 , respectively. The resulting uni-axial weld zone hardening curves were compared with those of the base sheets in Fig. 5 . The figure shows that the weld zone properties of the four automotive sheets show a variety of combination of larger/smaller stress and improved/deteriorated ductility (note that the maximum measured strains in Fig. 5 are more or less limit uniform strains in simple tension in principle if fracture accompanies strain localization and they are failure strains only for materials with brittle fracture (without involving strain localization), which might be the case of the 5083-H18 base and the DP590 weld zone). Fig. 6 shows the microstructures of base materials and weld zones, which were reported in separate papers (Park et al., 2007; Gan et al., 2008) . As for 6111-T4, the equi-axed and dislocation free micro-structures ( Fig. 6(a) ) were observed in the base material, while the weld zone showed higher dislocation density and finer grain size (Fig. 6(b) ). Therefore, the weld zone of the 6111-T4 showed slightly lower hardness (Fig. 6(c) ) and strength ( Fig. 5(a) ), which was attributed by the combined effects of precipitate dissolution and coarsening of this heat-treatable alloy sheet (Sato et al., 1999) . For 5083-H18, highly elongated grains (Fig. 6(d) ) by the cold-worked rolling treatment became equi-axed (Fig. 6(e) ) after the friction stir welding process due to the thermal annealing effect. For this reason, the weld zone improved in ductility (Fig. 5(b) ) with lower hardness (Fig. 6(f) ), which might be understood with the fact that the dynamic re-crystallization reduced the dislocation density in the weld zone. The weld zone of 5083-O had slightly lager stress than its base material (Fig. 5(c) ), which might have been associated with finer grain size of the weld zone of this non-heat-treatable alloy. For the DP steels, the martensite formation was observed in the friction stir weld zone (Fig. 6(h) ) with rapid cooling in the welding process and led to higher hardness ( Fig. 6(i) ) and strength increase with reduced ductility (Fig. 5(d) ) (Further details on the micro-structural study are referred to Park et al., 2007) , Gan et al. (2008) and Chen et al. (submitted for publication) .
In order to measure and observe the Bauschinger and transient behavior during reverse loading, uni-axial tension/compression tests (compression tests after tensile pre-straining) were performed. The loading direction was aligned with the weld line for welded samples and with the rolling direction for base material samples. Detail procedures on the test set up to prevent buckling have been described elsewhere .
Stress-strain responses of tension/compression tests measured along the rolling direction for base materials are plotted in Fig. 7 . For all base sheets except DP590 sheets, the loading and reverse loading behaviors do not show any permanent softening or strengthening as shown in Fig. 7 . For 5083-H18 and 5083-O sheets, serrated hardening curves were observed mainly during the prestraining but serration is significantly reduced for reverse loading. Note that the yield point elongation was observed at the initial stage for 5083-O, which is the material characteristic of the annealed aluminum alloy sheet (Wen and Morris, 2004) . In this work, the yield point elongation behavior was neglected for simplicity.
After the hardening parameters of the combined type isotropickinematic hardening law were determined for base materials (following the procedure to be further explained in this section), the stress-strain curves of the tension/compression test of the weld zone were obtained by applying the rule of mixture method. Results plotted in Fig. 8 show no obvious permanent softening or strengthen including the DP590 welds except for the 5083-H18 (SG) weld zone. Note that there was no softening or strengthening for all (DG) weld zones. The 5083-H18 and 5083-O weld zones also showed serrated hardening curves mainly during pre-straining before reverse loading.
Reverse loading curves commonly showed early re-yielding (the Baushinger behavior) and the rapid change of work hardening rate (the transient behavior). When metallic materials experience abrupt changes in strain path, two types of transitional behaviors are observed: one with the lowered flow stress accompanied by rapid work hardening and the other with the increased flow stress accompanied by lowered or negative work hardening (Chung and Wagoner, 1986 ). All test materials here, including base and weld zone materials, commonly showed the former transient behavior.
In order to obtain the material parameters of work-hardening behaviors for the combination type isotropic-kinematic hardening constitutive law, isotropic and kinematic hardening behaviors were separated. As for the isotropic hardening, the Voce type work hardening law showed better curve fitting for aluminum base materials and aluminum/DP590 weld zones while, for DP590 base materials, uni-axial tensile test data sustained hardening without saturation at large strain so that the Swift type work hardening curve was utilized. As for kinematic hardening curves, Voce type hardening curves were utilized for all materials. Therefore,
Àc 1 e Þ for aluminum alloys and all weld zones ð13Þ and r iso ¼ Kð e 0 þ eÞ
Àc 2 e Þ for DP590 base materials: ð14Þ
The kinematic parameters, h 1 and h 2 , were obtained as 
The constants (a i ; b i ; c i with i ¼ 1 $ 4) obtained from the tension-compression test data of all test materials are summarized in Tables 6 and 7. Note that the hardening behavior of the DP590 base material is different from other aluminum alloy sheets, which might be due to its two phase composite characteristics consisting of ferrite and martensite. The higher strength of DP steel is attributed to the hard martensite phase, which is surrounded by a soft ferrite matrix. Due to the relatively small amount of martensite (about 12%), formability is maintained or improved. Kim (1988) investigated the tensile deformation behavior of DP steel, confirming that both strength and ductility are strongly influenced by the large work hardening coefficient of the martensite phase. Since twelve slip systems of the aluminum alloy are relatively less than those of DP steel, the hardening behavior might be more easily saturated so that a single Voce type equation might be good curve fitting. As shown in Fig. 9 , hardening rate ðH ¼ dr=deÞ curves for aluminum alloys and all weld zones showed more or less linear decreasing behaviors, which might justify the use of Voce type curve fitting for these materials. DP steel exhibited non-linear hardening rate behaviors in Fig. 9(d) so that the representative hardening behavior was difficult to fit with a single Voce type equation. For DP steel, the soft ferrite deforms plastically and the hard martensite particles remain elastic at the initial loading stage and then both deform plastically later but still in a different mode. For this reason, using two independent hardening curves for each of two phases with prescribed volume fraction might be a good way to analyze the property of DP steel. In this work, however, the macroscopically homogenized hardening property was considered for simplicity and the combined type Eq. (14) was used for curve fitting of DP steel.
Using material parameters obtained from the test data, the tension-compression test data were numerically re-calculated using the modified Chaboche model for comparison with the measured data as shown in Figs. 7 and 8 (black dashed curves). Figures confirm that the modified Chaboche model well represents the hard- ening data including the Bauschinger and transient behaviors, except for DP590 base materials and the 5083-H18 (SG) weld zone. The discrepancy observed between the calculated and measured data for the DP590 base materials and the 5083-H18 (SG) weld zone is due to the permanent softening in the measured data, which was not properly accounted for in calculation by assigning the softening parameter as n ¼ 1:0.
To account for the permanent softening, the softening parameter discussed in Eq. (7) was considered for the DP590 base materials and the 5083-H18 (SG) weld zone as Table 8 . Hardening behaviors re-calculated with softening parameters are compared in Figs. 7 and 8 (gray dashed curves) , Hardening rate, Θ which confirm that the modified Chaboche model with the softening parameter is a good representation of the permanent softening as well as the Bauschinger and transient behaviors.
Anisotropic plastic behavior
The base sheet samples of 6111-T4, 5083-H18, 5083-O and DP590 were characterized using uni-axial and balanced biaxial tension tests, as well as the disk compression test (Barlat et al., 2003) . Uni-axial tension tests were conducted along the rolling (x-) direction, 45°off and transverse (y-) directions for each material with the standard procedure ASTM E-8 for all base sheet samples. Mechanical properties under the balanced biaxial stress condition (r b values) were assessed using the hydraulic bulge test with a constant true strain rate of 0.005/s. However, data was successfully obtained only for 6111-T4 (1.5 t) due to lack of the machine capacity. For other materials, the balanced biaxial yield stresses were obtained by the texture analysis based on the Taylor model (Taylor, 1938) , while assumed values have been used for the DP590 (1.5 t) and 5083-O base materials. The ratios of two in-plane principal strains under the balanced biaxial stress condition (R b values) were measured using disk compression tests. In these tests, specimens with 12.7 mm diameter were heavily lubricated in order to maintain constant friction characteristics, and incrementally loaded in compression on the flat top. After each load increment, specimens were unloaded and dimensional changes in rolling and transverse direction diameters were measured in order to calculate strains for all samples except for the DP590 (1.5 t) and 5083-O sheets, for which the data was not available. For the DP590 (1.5 t) and 5083-O sheets, R b values were obtained under the condition L 00 12 ¼ L 00 21 in Eq. (9) as suggested by Barlat et al. (2003) . The resulting material data were summarized in Table 9 (see Barlat et al. (2003) for the detailed procedure to calculate these material constants based on the plastic work equivalence principle). These results were subsequently used to calculate the eight coefficients of the yield function, Yld2000-2d. Considering their crystal structures, the following exponents were used in this work: for 6111-T4, 5083-H18 and 5083-O, m ¼ 8 as FCC and for DP590, m = 6 as BCC. The resulting anisotropic coefficients are summarized in Table  10 and the calculated anisotropy by Yld2000-2d was compared with the experimental data for the normalized stresses and R-values as shown in Fig. 10 .
Note that, even though strong anisotropy may develop in the weld zone (Charit and Mishra, 2008) , isotropic properties were assumed for the yield functions of the weld zones for simplicity by applying 1.0 for all anisotropic coefficients of Yld2000-2d. Yield function exponents of the weld zones m were chosen to be the same as those of their base materials, assuming that crystal structures would be preserved during friction-stir welding.
Forming limit diagram
The hemispherical dome stretching test was carried out on a 50-ton double action hydraulic type press to obtain forming limit diagrams (FLD) of base materials. The punch speed was 1.5 mm/s and blank holding force was applied just enough to completely clamp the blank, which was about 200 kN. Note that the lubricant WD-40 was used on the punch only. Rectangular sheets with several different widths of every 25 mm increment from 25 mm to 200 mm (Â200 mm) were prepared, while the rolling direction was aligned with the side with the length 200 mm. Square grids (2.5 mm Â 2.5 mm) were marked in each sample sheet for the test. Forming limit diagrams of 6111-T4, 5083-O and DP590 base sheets were obtained as shown in Fig. 11 .
Since the 5083-H18 samples were so brittle that its FLD was obtained only near the plane stain condition (with the minor strain is zero). In order to complete the FLD data of 5083-H18, therefore, forming limit strains were calculated using Hill's bifurcation (for the negative minor strain range) and M-K theories (for the positive minor strain range). As for the weld zones, it was difficult to measure FLDs, because the area of the weld zone was small. Therefore, the FLDs of weld zones were all calculated based on the Hill and M-K theories using both the Hollomon and Voce type hardening laws.
The measured and calculated results were shown in Fig. 11 . Even though both Hollomon and Voce type hardening curves for weld zones showed successful fittings with the simple tension hardening curves, the calculated FLDs based on these two hardening laws are quite different in Fig. 11 since the FLD calculation involves large strains beyond the measured (uniform) strain range in simple tension. Note that bold legends represent the standard FLDs to be used in predicting failure onset locations and patterns in the joint paper on formability (Kim et al., 2010) . The standard FLD's were selected considering the following consistency consideration. Table 9 Yield stresses normalized by uni-axial yield stress in the rolling direction and R-values. When the relative ductility between the base and the weld in simple tension shown in Fig. 5 is considered, the weld zones of 6111-T4 and DP590 had less ductility than the base materials. Therefore, the Voce type FLD was chosen as the standard for 6111-T4 since it showed less failure limit at the simple tension mode as shown in Fig. 11(a) . For DP590 weld, the Hollomon type FLD was determined as the standard because the Voce type FLD gave too much less tensile failure strain. Also, the ductility of the weld zone improved for 5083-H18 and 5083-O. Therefore, the Hollomon type FLD was selected as the standard for 5083-O while the Voce type FLD was chosen for 5083-H18 to avoid the overestimated prediction by the Hollomon type FLD.
Summary
In order to evaluate the macroscopic performance of friction stir welded automotive TWB sheets, mechanical tests were extensively performed and they were used to calibrate constitutive laws, which describe the macroscopic properties of friction stir welded sheets: hardening behaviors, anisotropic yield surfaces and forming limits. As for the constitutive law, the combined isotropickinematic hardening law based on the modified Chaboche model as well as the (full) isotropic hardening law were selectively utilized along with the non-quadratic orthotropic anisotropic yield function, Yld2000-2d. Even though no new constitutive laws were proposed, modification needed to formulate permanent softening was newly introduced. Also, the relevance of the particular formulation of the combined isotropic-kinematic hardening law was rigorously discussed, particularly in conjunction with the generalized plastic work equivalence principle.
Four automotive (base) sheets and their friction stir welded samples were characterized: aluminum alloy 6111-T4, 5083-H18, 5083-O and dual-phase steel DP590 sheets, each having one or two thicknesses. Base sheets with the same and different thicknesses were friction-stir welded for TWB samples. Hardening behavior was measured using uni-axial tension tests, while uni-axial tension/compression tests were performed for the Bauschinger and transient behaviors as well as for softening during reverse loading. Also, uni-axial tension, hydraulic bulge and disk compression tests were performed for anisotropic yield properties. As for weld zone properties, hardening properties were obtained using the rule of mixture or by direct measurement using sub-sized specimens machined out of the weld zone, while anisotropy was ignored for simplicity. Forming limit diagrams were measured using hemispherical dome stretching tests for base sheets and those of weld zones were calculated based on Hill's bifurcation the-
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Angle to loading direction (deg.) ory (Hill, 1952) and the M-K theory (Marciniak and Kuczynski, 1967) . The test results showed the followings:
1. All the hardening properties of the weld zones determined using sub-sized specimens and by the law of mixture based on full-sized specimens showed no discrepancy except for 5083-H18. For the weld zone of 5083-H18, a correction parameter b was introduced into the law of mixture by considering the result obtained from the sub-sized sample test. 2. The simple tension tests showed that, compared to the base, the 6111-T4 weld had lower flow stress with reduced ductility, while the 5083-H18 weld had improved ductility with significantly lower flow stress. The 5083-O weld had slightly higher strength and ductility, while the DP590 weld had larger flow stress with reduced ductility. Such strength changes owing to the friction stir welding were also ensured by investigating the microstructures and hardness profiles. 3. In isotropic-kinematic hardening fitting, Voce type curves were utilized for aluminum alloys and all weld zones by observing linear decreasing behaviors in hardening rate. Unlike others, the DP steel showed non-linear hardening rate behaviors so that the representative hardening behavior was depicted by using the combined type fitting curve.
4. Permanent softening behaviors during reverse loading were found only for the DP590 base and the 5083-H18 SG weld. By introducing a softening parameter n, such softening behaviors were successfully captured. 5. Normalized yield stress and R-value for all base materials were measured to determine coefficients of anisotropic yield function Yld2000-2d. Directional R-values showed relatively higher anisotropy than the normalized yield stress. 6. Among the weld zone's calculated FLDs, the standard FLD's will be used to numerically predict failure onset locations and patterns in the joint paper on formability. They were the Voce type FLD for 6111-T4, 5083-H18 and the Hollomon type FLD for 5083-O, DP590, which were selected by considering consistency of relative formability near simple tension between the base and the weld.
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